1A.1Ltures of human coronary artery disease have been well described, knowledge is limited concerning coronary physiology and cardiac performance in this disease. In 1953, Lombardo et al. 1 reported systemic and coronary hemodynamics at rest and during exercise in a subject with angina pectoris. In 1959, Gorlin and associates2 studied seven patients with coronary sclerosis and angina pectoris, noting normal coronary blood flows at rest with no increase following nitroglycerin administration.
Because of its common associationl with the symptoms and electrocardiographic manifestations of coronary artery disease, exercise plays a dominant role in the natural history of this disease. Recently, rest and exercise myocardial oxygen-extraction patterns were reported in 28 subjects with clinical coronary insufficiency, demonstrating a progressively inereasing myocardial oxygen extraction during exercise.3' 4 It is the purpose of this paper to analyze coronary and systemic hemodynamics, cardiac performance, and myocardial metabolism at rest and during exercise in 19 subjects having clinical coronary artery disease without severe forms of coexisting heart disease.
Materials and Methods
Nineteen subjects with clinical coronary artery disease were chosen for analysis. A history of classical angina pectoris was present in each subject. The Supported by grants from the U. S. Public Health Service (NIH H-2637) and Warner Chileott Laboratories. 404 16 of the 19 subjects.* Negative exercise electrocardiograms occurred in subject J. Pi. whose coronary arteriogram was abnormal,8 in subject R.C., who developed anginal pain during the exercise study and had electrocardiographic evidence of an old anteroseptal myocardial infaretion and coexisting inild aortie stenosis, and in subject E.F., who developed anginal pain during the exercise study and had a previously documented acute anterior niyocardial infaretion. Coronary arteriography was perforniied coneurrently in six subjects,t and all had radiographic evidence of significant coronary vascular disease. 8 Each subject was studied in the fasting state. Catheters were introduced into the brachial artery and coronary sinus. Coronary blood flow, coronary arteriovenous oxygen differenee, lactate and pyruvate differences, and arterial and coronary venous pressures were measured at rest and again between the third and eighth minutes of supine bicycle or leg-raising exercise. In three subjects cardiac output was determined between the second and fourth minutes of coronary flow. In all, before or after coronary flow determinations, the catheter was repositioned in the pulmonary artery (and wedge); cardiac outputs and pulmonary pressures were measured at rest and again during a similar exercise period. The reproducibility of these rest and exercise periods has been demonstrated elsewhere.9-11 A lead-IT electrocardiogram was recorded in all subjects during rest and for 3 minutes after exercise. group, percentage changes from rest to exercise were nearly identical in both groups. The rise in cardiac output was mediated to a greater degree by heart rate than by stroke volume. As shown in figures 1 and 2, resting mean systolic ejection rate was significantly lower than in the control group (p < 0.001), followed no consistent pattern, and did not change significantly during exercise (0.05 < p < 0.1). Resting mean left ventricular work index and stroke power were reduced, but the differences from the control group were not statistically significant. Percentage changes during exercise were comparable in the two groups. Mean resting systemic vascular resistance was higher in the group with coronary artery disease and decreased less during exercise.
As shown in was not statistically significant (see footnote table 2) . Tables 3 and 4 and figure 1 contain data obtained during coronary sinus catheterization. Resting pressure-time per minute was higher than in the control group (p < 0.05), but rose similarly during exercise (41 per cent). Resting myocardial oxygen consumption of 8.9 ml. per 100 Gm. per minute did not differ significantly from the control group (p = 0.2), but during exercise rose 61 per cent, significantly more than in the control subjects (0.025 < p < 0.05). Left ventricular mechanical efficiency index was similar at rest in the two groups (0.5 < p), but did not increase significantly on effort in the coronary artery disease group (p = 0.5; figs. 1 and 3).* The pressure-time per oxygen-consumed ratio was higher in the patients with coronary artery disease at rest (0.01 < p < 0.025) and did not change on effort (p -0. pared to a 17-per cent increase in the control group. This group difference in the oxygen cost of pressure generation during exercise is highly significant (0.001 < p < 0.005, figs. 1 and 4). Resting coronary venous oxygen saturation of 33 per cent was increased in the group with coronary artery disease (0.005 < p < 0.01) and myocardial oxygen extraction percentage was correspondingly reduced although arteriovenous difference was the same as in the control group. On effort, mean coronary venous oxygen saturation fell significantly (0.025 < p < 0.05) and extraction increased-changes not observed in the control group (fig. 5 ). Mean resting coronary blood flow per 100 Gm. of left ventricle was 73 ml. per minute, a value lower than, but not statistically different from, the control group (0.05 < p < 0.1). On exercise, coronary flow increased 49 per cent ( fig. 5 ), greater than that observed in the control group (0.025 < p < 0.05). Coronary diastolic vascular resistance and perfusion pressure were higher in the resting coronary artery disease group, although exercise resist- anee fell significantly (0.005 <p < 0.01) and proportionately more than in the control group (0.025 < p < 0.05). There were reciprocal and comparable changes in coronary diastolic inflow time (-12 per cent) and perfusion pressure (+13 per cent) during exercise.
Fourteen subjects had analyses of coronary arteriovenous lactate and pyruvate. "Excess lactate "16 was demonstrated in one subject at rest and in three subjects during exercise, representing an approximate anaerobic contribution to myocardial energy metabolism of 0.2 ml. of oxygen per minute.20 consumption, and from other studies indicating no difference in systemic anaerobic metabolic rate20 between control and coroniarv disease subjects.21 Although left ventricular pressure-time per minute was somewhat greater than in the control group both at rest and on exercise, the changes were almost identical in both groups.
The validity of the nitrous oxide method of measuring left ventricular coronary blood flow has been supported in detailed discussions elsewhere.2 22 To date, no direct verification of the method has been accomplished in patients with coronary artery disease. Eaeh subject served as his own control in the restexercise comparisons, and the eharacteristies of the nitrous oxide flows did not differ from the control group, either with respect to saturation or shape of the arteriovenous curve. Nonetheless, undetected heterogeneity of myocardial perfusion may have existed in this group and influenced calculated coronary blood flows.23 Such unquantified factors render somewhat tentative all analyses based on coronary blood flow pending further knowledge of the nitrous oxide method in coronarv artery disease.
Cardiac Performance
Cardiac performance may be usefully characterized in terms of myocardial contractility and energeties. Accurate measurement of myocardial contractility, as defined by the degree of stroke work and stroke power produced from a given end-diastolic fiber length or pressure,24 and the rate of fiber shortening per unit of outflow pressure,25 was not possible in this study, since left ventricular volumes were not measured. Estimates of contractility were possible, however, from stroke power, pressure-time per minute, systolic ejection rate, and pulmonary capillary pressure (tables 1 and 3). Myocardial energetics could be analyzed from work per unit energy cost (efficiency) and from pressure-timie per uinit energy cost.'9 Rest Data presented in tables 1, 2, and 3 indicate that no significant difference existed between control and coronary artery disease groups in many parameters of resting cardiac performance. These observations are in general agreement with the findings of other workers. 2 26, 27 Pressure-time per minute was significantly greater in the coronary group than in the control group. Resting cardiac and stroke indices, however, were significantly reduced, and stroke power was somewhat reduced below the control group value. Mean systolic ejection rate was subnormal. A smaller stroke volume was delivered during an ejection period slightly'greater than in the control group. These findings imply either a reduced rate and distance of myocardial fiber shortening or a decreased end-diastolic ventricular volume. The latter seems unlikely in the coronary disease group whose radiographic left ventricular size was frequently above normal limits. Thus, a disparity apparently existed between two important parameters of ventricular function at rest: decreased rate of fiber shortening in the presence of normal or increased rate of pressure generation. In this regard, these subjects resembled a group of patients with congestive heart failure. 28 A given amount of pressure generation has been shown to require a given amount of cardiac energy utilization.29 Reasoning from this, Bing et al.,30 in a study of the hypertensive subject, inferred that cardiac hypertrophy must have been present because the energy cost per unit of myocardium was normal, despite increased cardiac pressure generation. The required total energy was presumablv utilized bv an increased number of mvocardial units. This was seen also in experimental hvpertension. 31 As hvpertrophy developed and force per unit muscle mass returned to normal, energy cost per unit weight of heart decreased from elevated to normal values.
Similar findings occurred in the present coronarv disease group who generated increased pressure per unit myocardial oxvgen cost in relation to the control group (309 vs. 246 mm. Mr see. per ml. oxygen per 100 Gm. left ventriele). These findings suggest that cardiac hvpertrophy had occurred, and, from the above-given ratios, to a degree at least 25 per Circulation, Volume XXVIIi, September 1963 cent in excess of predicted weights. Myocardial hypertrophy was confirmed in two patients studied at necropsy.
A resting efficiency index similar to the control group does not imply that absolute mechanical efficiencies are similar, since an increased total left ventricular oxygen consumption by the variably hypertrophied hearts in the coronary artery disease group is not reflected in the efficiency calculation.* It is probable, therefore, that actual resting mechanical efficiency was reduced. From current knowledge of the determinants of myocardial oxygen consumption,19 a reduced mechanical efficiency seems consistent with a decreased rate of fiber shortening for the existing rate of pressure generation.
Exercise
Although some parameters behaved similarly, the stress of moderate exercise clearly accentuated differences in cardiac performance between the control and coronary artery disease groups. Per cent ehanges in cardiae index, stroke index, and stroke power approximated those of the control group, while absolute values remained decreased. Mean ejection rate increased in some subjects but not in others, so that the group change was not significant ( figs. 1 and 2) . This may reflect the severity and duration of disease. Similar findings were reported in subjects with angina pectoris by Foster and Reeves.2 These authors also noted a normal increase in the rate of pressure generation during exercise in the absence of acute anginal pain. Elevated stroke powert and pressure-time per minute indicated that ventricular generation and maintenance of pressure were similarly normal in the present study during exercise.
The observed failure of systolic ejection rate to increase in most subjects indicates either failure of fiher shortening rate and distanee to inerease or a diminution of left ventricular end-diastolic volume during exercise. This issue cannot be completely resolved by the present study, however, because ventricular volume measurements were not made. The contribution of synchronism to ventricular contractility has been emphasized recently by Sarnoff and co-workers, 35 and may play a key role in impaired fiber shortening in coronary artery disease. Synchronism of fiber shortening may be severely impaired by geometrical and structural abnormalities caused by myocardial fibrosis, ventricular thinning, and focal dilatation, by loss of intramyocardial sympathetic nerve endings, and by disruption of muscle fiber orientation and ventricular conduction pathways. In this regard, intraventricular conduetion abnormalities, primarily parietal or peri-infaretion block, were present in two thirds of these subjects by electrocardiogram. No correlation could be made, however, between this or other electrocardiographic abnormality, and the state of rest-exercise contractility as measured by ejection rate.
Other workers36 have reported an increase in pulmonary capillary pressure (as an index of left ventricular diastolic pressure) during exercise in subjects with angina pectoris. In this series, no such changes were seen in the absence of clinical heart failure. Development of anginal pain during exercise was so infrequent that strict comparison is not possible with other studies reporting increases in pulmonary capillary pressure36 or left ventrieular end-diastolic pressure37 during angina pectoris. Whether such exercise pressure elevations (suggesting left ventricular failure) are a cause or the result of myocardial isehemia and angina, or simply indicate that the two diseases often coexist, is unknown at present.
Mechanical efficiency and the ratio of pressure-timrLe to oxvgen consumption did not increase in this group, in marked contrast to the response of the control subjects (figs. 3 and 4). Failure of mechanical efficiency to Circulation, Volume XXVIII, September 196S inierease on exercise eannot be attributed to differences in tine spent in contraction or the relative changes in pressure (arterial systolic mean) and flow (stroke index) work, since changes in these factors were nearly identical in both groups. In contrast to the control group response, myocardial oxygen consumption per 100 Gm. rose proportionately more than pressure-time per minute (+61 and +41 per cent, respectively) and in close relation to left ventricular work (+78 per cent). This fixed efficiency was observed in 12 of 15 subjects who did not have coexisting heart failure. Thus, the coronary disease subjects again resemble the heart failure group,28 despite absence of failure by the usual criteria. Such loss of efficiency may represent an early sign of myocardial insufficiency and may precede the other more widely recognized changes in performance. Factors that may influence efficiency in such a manner include (1) abnormal alterations in mean left ventricular volume;
(2) differences in ventricular shape, compliance and synchronism of contraction; and (3) effects of catecholamine stimulation. Except for evidence that catecholamine levels in blood rise abnormally during effort,38 no data are available concerning these three factors in coronary artery disease.
Oxygen Supply of the Heart in Coronary Artery Disease
Patterns of myocardial oxygen supply in coronary artery disease have been discussed in detail previously.3 4 During exercise, decreased mechanical efficiency and pressure generation per unit oxygen consumed placed an increased burden on the oxygen supply mechanism in this group. Consequently, the coronary blood flow response was actually greater than in the control group (figs. 1 and 5) . This was due primarily to vasodilatation, rather than to increased "coronary driving pressure, "39, 40 since coronary diastolic perfusion pressure and time varied reciprocally during exercise. Despite this impressive increase, coronary blood flow was not totally adequate to supply the increased oxygen demands of exercise. In contrast to the control group response, coronary venous oxygen sat-uration fell significantly froin resting values during exercise ( fig. 5 ). Thus, the magnitude of coronary blood flow elevation is not necessarily indicative of flow adequate to need, and the value of concurrent oxygen measurements becomes apparent in assessing coronary reserve adequacy.
Because of coronary venous sampling methods, it is enitirely possible that the observed fall in venous oxygenation considerably underestimated the severity of focal myocardial ischemia during exercise. No relationship existed among coroiiary venous saturation, angina pectoris, electrocardiographic changes, or "excess lactate" production.3 21 Had efficiency risen normally during exercise, oxygen requirements would have been met by the observed exercise levels of coronlary blood flow and resting levels of myocardial oxygen extractioln. Thus, abnormal myocardial energetics undoubtedly aggravated coronary reserve inadequacy during exercise. Conversely, it is reasonable to postulate that the abnormal energetics and contractility observed were contributed to by coronary disease-induced myocardial da:mage and reduetions of myocardial oxygen tension during exercise.
Summary
Cardiac performance and oxygenation have been studied in resting and exercising subjects with coronary artery disease. Disturbances exist in myocardial function and energetics, characterized by preservation of pressure development, but with impaired systolic ejection and failure to inerease mechanical efficiency during exercise. Resultant elevation of myocardial oxygen need by impaired performance undoubtedly aggravates coronary reserve inadequacy during exereise.
Ideals and Economics
It is well to recall that the evolution of the quality of medical education in America has been influenced by two major factors, economics and ideals. The ideals were established by intellectual leaders and pioneers. It was John Morgan and William Shippen, Jr. who had the germinal ideas for a department of medicine within a college. It was the founders of the American Medical Association who appreciated the need for educational improvement. It was President Eliot of Harvard and Gilman of Hopkins who insisted that medieine should be an advanced or graduate study based upon learning. But it was only 50 years ago that the American public was really aroused about the great variation in medical education here. The report and program for improvement sponsored by the Carnegie Corporation and written by Dr. A. Flexner, started a reaction that is still going on today. The reaction was started by closing down substandard institutions, inereasing the intelleetual requirements for admission, improving the facilities and the faculties, raising the standards of education and providing for more adequate financing. 
